1. The fractal scaling of heart rate variability, gauged by the correlation dimension (CD), is hypothesized to be characterized by a time structure (chronome), which in health shows differences as a function of gender and age. 2. From 24 h Holter records of 44 clinically healthy male subjects in four age groups (5-10, 20-25, 40-45 and 60-65 years; n = 11 in each group), 500 s sections a t 4 h intervals for 24 h were analysed for smoothed R-R intervals sampled a t 4 Hz. Using an algorithm modified from Grassberger and Procaccia (Physica D 1983; 9 189-208), the correlation integral was estimated for embedding dimensions from 1 to 20 with a 1.0 s time lag for each section. Nightly (02.00 hours-06.00 hours) ECG records were similarly analysed in 72 additional clinically healthy subjects of both genders, 5-70years of age. The single cosinor assessed the circadian characteristics; one-and two-way analyses of variance and linear regression were used to examine changes as a function of gender and age. 3. The 2 4 h average of CD is largest in the 20-25-year-old men and decreases with age thereafter (P < 0.05). These changes apply in particular to the nightly CD values, which are higher in female than in male subjects (P<O.OOl). Increasing age is associated with a decrease in the amplitude and an advance in the phase of the circadian rhythm in CD (P < 0.05).
INTRODUCTION
Heart rate (HR) variability is a putative non-invasive index of cardiac vagal activity [l, 21 . Signs of reduced parasympathetic activity are associated with an enhanced risk of sudden cardiac death [3] , and an i.mpaired HR variability is a predictor of morbidity or mortality in various disease states [4] . The prediction of sudden cardiac death, however, remains quite difficult, and the methods of analysis of HR variability could be improved. Power spectra, autoregressive models and cosinor analysis are based on linear functions, yet there are variations in our lifestyle that have effects that need to be assessed by more complex dynamics. A non-linear analysis of cardiovascular dynamics may hence contribute to our understanding of the relation between HR variability and cardiac dysfunctions.
Skinner et al. [4, 51 proposed a non-linear analysis based on the correlation dimension (CD) of R-R intervals, instead of relying on more conventional stochastic measurements. In order to determine whether a non-linear approach to cardiovascular dynamics (only seldom used in clinical cardiology at present [6] ) contributes additional diagnostic tools to clinical cardiology, the present study investigates how parameters from non-linear dynamics may be affected by gender and circadian stage as well as age, as an extension and follow-up on a previous study exploring aging effects upon autonomic nervous function [7] .
another study, a nightly ECG record (from 02.00 hours to 06.00 hours) was obtained from 72 other clinically healthy subjects of both genders, 5-70 years of age. All participants in both studies were volunteers maintaining their usual daily physical activity unchanged. They were conventionally diagnosed as normotensive with clinic readings of systolic/diastolic blood pressure of < 140/85 mmHg.
They had no history of major diseases. Their physical examination and laboratory data, including blood and urine examinations, chest X-ray, conventional ECGs at rest and spirograms, were acceptable.
Ambulatory ECG monitoring
An electrocardiogram was obtained from each subject, using an ambulatory two-channel Holter recorder (SM-28, Fukuda-Denshi, Tokyo, Japan) and an analysing system (SCM-280-3, Fukuda-Denshi, Tokyo, Japan), by an interval counter of R-R intervals with a built-in analogue/digital converter. The interval resolution was 8ms. These data were transferred to a personal computer (PC9821-Xa9, NEC) for time-series analysis.
From each 24 h ECG, stable 500s records of R-R intervals were defined at approximately 4 h intervals, around 02.00, 06.00, 10.00, 14.00, 18.00 and 22: 00 hours. Additional samples were obtained during the night, between 02.00 and 06.00 hours from these and 72 other clinically healthy subjects of both genders, 5-70 years of age. A stable record was defined as a non-REM sleep state by night and a quiet wake state by day [8] . In each span, the R wave was detected in real time, and a smoothed series of instantaneous R-R intervals (sampled at 4 Hz) was constructed.
Fractal scaling of HR variability
The CD was used as an index of fractal dimension. For the CD analysis, 2000 data points (RI, R2, R3, . . . , R~OOO) from consecutive R-R intervals were used, totalling 500 s. According to Takens' theorem [9] , a first guess for the optimal time lag [lo-121 was obtained by the autocorrelation method for detecting strange attractors in R-R intervals. A 1.0 s lag was validated as being optimal in almost all cases by 2-and 3-dimensional phase spaces constructed successively for time lags of 0.25 s-9.75 s in 0.25 s steps, as documented elsewhere [7] .
Correlation integrals were measured for embedding dimensions from 1 to 20, using a 1.0 s time lag. Assuming the embedding dimension to be 'm', a set of points was cojstructed in an m-dimensional embedding space: Xi = (R, Ri+4, . . . , Ri+4(m-l)). We modified the method of Grassberger and Procaccia [13] by calculating the correlation integral as where H(x) is the Heaviside function: H(x) = 1 if x20, H(x) = 0 if x<O, and where N is the total number of distinct points in set I X I and L is a smaller number of random samples in I X I used to reduce the computation time. In this study, we set L to 100.
Since for small values of r, C(r) behaves as a power of r, C(r)-r", the CD was determined by calculating the slope v(m of the logarithm of the log r for different embedding dimensions (m). Such a plot usually displays a region of linear association between logC(")(r) and logr, designated as the scaling region. In this region, the spontaneous activity of the sinus node may follow deterministic chaotic dynamics, although a constant slope of C(r) does not necessarily imply the presence of deterministic chaotic dynamics [ 141. With increasing embedding dimension, the slope of this fractal scaling converges toward a fixed value, defined as the CD. Non-linear techniques, such as the computation of the CD, are important tools to study H R and H R variability. In order to understand the importance of the CD, it was compared with RR, SD, RR50, LF (low frequency), HF (high frequency) and L/H, where R R is the average R-R interval, SD is the standard deviation of R-R intervals, RR50 is the number of differences between consecutive R-R intervals longer than 50ms, LF and HF are the spectral powers in the frequency ranges 0.04-0.15 Hz and 0.15-0.40 Hz respectively, and L/H is the LF/HF ratio [15] , all indices being computed over the same 500s ECG sections as those used to determine the CDs. These correlation analyses [16] were carried out on the ECG records provided by the 44 clinically healthy males in four age groups.
Statistical analysis
Group comparisons were carried out by using one-and two-way analyses of variance (ANOVA) and step-wise linear regression analyses versus age, using a sixth-order polynomial at the outset [16] . Results are expressed as meansfSD. They were considered to be statistically significant if P < 0.05.
The circadian characteristics of CD, estimated by one-way ANOVA and by single cosinor [17] on 500 s ECG sections sampled every 4 h for 24 h, were regressed as a function of age and compared among the four age groups by parameter tests on population-mean cosinor results [18] and by one-way ANOVA [16] .
RESULTS
The changes in nightly (02.00-06.00 hours) CD values with gender and age are shown in Table 1 showing maximal CD values at around 26years of age in males. These results suggest a relation between human development and this measure of heart complexity. As shown in Table 2 , these changes with age of the CD of R-R intervals are primarily demonstrable by night.
The effect of circadian stage is statistically significant by one-way ANOVA for each age group (Fig.  1) . A circadian rhythm characterizing the CD of R-R intervals is validated by population-mean cosinor for the children, the 20-25 and the 60-65 age groups, and is of barderline statistical significance for the 40-45-year-old men (Fig. 1) . In each case, higher CDs are found during the night than during the day. Parameter tests indicate changes in the circadian (amplitude, acrophase) pairs among the four age groups (P=O.OlO) in addition to an overall decrease in MESOR with age. The decreasing circadian amplitude and advancing acrophase, illustrated in Fig. 1 , are corroborated by one-way ANOVA in Table 2 and by linear regression in Fig. 2 .
The CD of R-R intervals is found to correlate positively with RR (r = 0.339; P<O.OOl), RR50
(r = 0.420; P < 0.001) and log HF (r = 0.407; P<O.OOl), and negatively with log L/H (r = -0.397; P<O.OOl). The association with log LF is weaker (r = 0.150; P = 0.015), whereas no association is found between CD and SD (r = 0.108; P>0.05). A circadian rhythm is also demonstrable for RR in all age groups (P < 0.001), peaking at around 02.00 hours and with a MESOR increasing with age ( Table 3) . For SD, a circadian rhythm is detected in the children and the young adults; it is only of borderline statistical significance in the men 40-45years of age and is not detected in the men 60-65years of age ( Table 3 ). The MESOR decreases with age (P<O.OOl) and the circadian acrophase is delayed with increasing age (Table 3) . A circadian rhythm peaking by night is also found for RR50 (P<O.lO) in all age groups, with a MESOR and a circadian amplitude sharply decreasing with age (P<O.OOl) ( Table 3) . A circadian rhythm is demonstrable in all four age groups for the HF spectral power ( P~0 . 0 5 )~ but not for the LF spectral power; both LF and H F decrease with age (P<O.OOl) ( Table 3) . A circadian rhythm is detected in the three youngest age groups, but not in the oldest age group, for the LFiHF ratio, with high values in early afternoon; whereas the MESOR increases with age, the circadian amplitude decreases with age ( Table 3) . Similarly to the CD, changes with age are found more prominently by night than by day for SD and HF ( Table 3) . 
DISCUSSION
was assessed on only 500s ECG segments. It may have been preferable to obtain several 500 s sections during each hour and to assess the circadian variation on the basis of hourly averages of the CD. The One limitation of this study is the fact that each CD value (and other measures of HR variability) data sufficed, however, to document a circadian variation that was consistent within a given age group and that showed changes with age in keeping with corresponding changes with age in other measures of H R variability (Table 3) . In order to obtain a very rough estimate of the extent of reproducibility of the CD computed from a 500 s ECG record, five consecutive measurements were obtained between 01.00 and 01.30 hours from the ECG record of a 6-year-old girl. Although it is realized that this is quite insufficient, the coefficient of variation was 4.0% for the CD. It compared favourably with the corresponding coefficients of variation derived for SD (13.6%) and for log LF (14.4%), whereas the coefficients of variation for RR, RR50 and logHF were 1.6%, 5.0% and 1.3% respectively. The coefficient of variation for the CD was similarly estimated in two other cases and found to be 7.9% for a 43-year-old man (between 05.00 and 05.30 hours) and 3.7% for a 65-year-old man (between 03.00 and 03.30 hours). There are also precedents for assessing the CD on the basis of only 500 heart beats in clinical health [19, 201 , leading to the demonstration of higher values by night than by day, a result consistent with findings reported herein.
Another issue deserving further investigation is the discrepancy between the two studies in nightly CD values (Tables 1 and 2 ). Whereas the CD of 5-10-year-old boys averages 5.6 in one study, it is above 7.5 in the other study. The effect of factors other than gender, age and circadian stage will have to be studied, including, among others, any influence from the presence of familial antecedents of vascular complications, sleep stage, mental loads, posture and circannual stage. Despite differences in absolute values of CD between the two studies, the changes as a function of age in nightly CD in males are very similar.
These shortcomings notwithstanding, the results obtained in the present study clearly indicate that the different measures of H R variability investigated are modulated by a circadian variation and undergo trends with age. Circadian stage, age (and gender) will hence need to be specified to assure a reliable interpretation of limited ECG records from individual patients. Moreover, certain circadian stages may be preferable to others for the assessment of disease or disease risk, in that alterations from the norm may be greater at one time than at another. Since circadians modulate the LF, HF and LF/HF ratio, the appropriateness of the terminology may be questioned, in keeping with earlier work on respiratory sinus arrhythmia . In comparison with the 0.04-0. 15 Hz range of the 'low frequency power', circadians [defined as rhythms with a period of 20-28h or a frequency of (1.0-1.4)~10-~Hz] are of a much lower frequency. Given the relativity of 'low' and 'high' frequency, it is suggested that the exact frequency (or period) ranges be used instead, thus referring to '0.04-0.15 Hz' and '0.15-0.40 Hz' power, or equivalently to '6.7-25.0 s' ( -10.5 s) and to '2.5-6.7 s7 (-3.6 s) power components, instead of LF and HF respectively. It is also suggested to logtransform 'LF', 'HF' and the 'LF/HF' ratio to approximate a normal distribution more closely (in keeping with another measure of HR variability, namely the slope of the llf behaviour, where it is the log power that is plotted against log frequency).
The present results are consistent with the report that the -3.6s ('HF') power and the -3.6sec/ -10.5 s ('HFLF') power ratio are decreased with age in both men and women [24] . Ryan et al. [24] also showed that the -3.6 s/-10.5 s ('HFLF') power ratio during spontaneous and metronomic breathing is greater in women than in men [24] .
A decreased circadian amplitude and an acrophase advance also characterize the HR of rural and urban Japanese populations [25] , as illustrated in Figs. 3 and 4 . We have previously reported [26] a decrease with age in both HR and HR variability, based on the MESOR and on the circadian amplitude and 24h SD respectively, of 48h profiles obtained with ambulatory monitors on clinically healthy men (n=421) and women (n =315). A reduced HR variability, defined as a reduced SD of all normal R-R intervals in a 24 h continuous electrocardiogram, had been correlated with an increased mortality after a myocardial infarction [2] . A reduced HR variability, computed on consecutive 5min spans, was further found to correlate with mortality in patients undergoing elective coronary angiography [28] .
In recent years, many studies on chaotic phenomena have been reported in different scientific fields [29] . In medical cardiology, however, there have been only a few papers published on this topic, with a focus on the multifrequency rhythmic as well as chaotic aspects of the chronome. Goldberger and West [30] proposed the clinical use of fractal scaling, focusing on the llf distribution of the HR power spectrum. Elsewhere, we reported the merit of look- A circadian variation in -3.6s ('HF') power in clinical health, peaking at night (Table 3) , has also been reported by Lombardi et al. [32] who found greater values of -3.6 s ('HF') during the night and smaller values during the day in post-AM1 patients with an ejection fraction >40%. In contrast, an alteration of the circadian variation in -3.6 s ('HF') power in post-acute myocardial infarction patients with an ejection fraction of <40%, together with a reduced CD and a steeper llf slope, led these authors to suggest a diminished responsiveness of sinus node to neural modulatory inputs in these patients [32] .
A higher -3.6 s ('HF') power in children as compared with adults (Table 3) is consistent with a report by Yeragani et al. [33] who studied healthy children and adults 8.0 & 2.7 and 26.7 k4.6 years of age respectively. Differences in terms of -10.5 s ('LF') power and fractal dimension reported by these authors are not readily comparable with results herein, owing to a gender difference (Table  1 ) and the non-linear relation of the CD (and 'LF') as a function of age in males, with a maximum being reached in early adulthood. The high correlation between the fractal dimension and the -3.6 s ('HF') power, consistent with results described in the present study, is interpreted by Yeragani et al. [33] as indicating that the fractal dimension reflects the vagal modulation of H R variability. Correlations reported herein between the CD and the RR, the -3.6s ('HF') power and the -3.6s/-10.5 s ('HFLF') ratio are also in keeping with a study by Kanters et al. [34] who investigated in 12 healthy subjects the short-and long-term variations in the non-linear dynamics of H R variability. By comparison with results from surrogate time series, these authors conclude that, whereas the CD of the R-R intervals is mostly due to linear correlations in the R-R intervals, a small but significant part is due to non-linear correlations between the R-R intervals Several investigators agree that measures such as the CD are statistically more consistent and effective than measures of spectral analysis [33, 35, 361 . Otsuka et al. [36] , for instance, discuss a case of sudden cardiac death followed for 2days just before cardiac arrest. Whereas 'HF' cannot be assessed during the last few hours because of the presence of non-stationarities, the CD can be computed until the very end and shows a rapid decline from 7.10 to 0.95 in the last 5 h before cardiac arrest [36] .
Iyengar et al. [35] applied their own technique of detrended fluctuation analysis to assess the intrinsic correlation properties of 2 h ECG records from clinically healthy young (21-34 years) and old (68-81 years) subjects during wakeful supine rest. They show that aging, in the absence of disease or non-stationary environmental influences, is associ-[341-ated with an alteration in long-range (fractal) correlations in sinus rhythm inter-beat interval dynamics, a finding consistent with the results obtained in the present study. The authors [35] conclude that the age-related loss of fractal organization in heart-beat dynamics may reflect the degradation of integrated physiological coordinating systems and may impair an individual's ability to respond to external stimuli.
In the context of earlier published findings, our results indicate that deterministic chaos and chronos (aging and rhythms) interact differently in health and in various heart disease states. A chaotic approach, including fractal scaling in general [37-391, particularly in cardiology [40] , may gain from an assessment of circadian (and other) rhythms and trends. Not only is the normal heart beat chaotic rather than homoeostatic [41] , but it is also multifrequency rhythmic [42-441, as shown herein for some circadian aspects of the CD and other measures of HR variability. Whether a combined assessment of all chronome components has merit, preventively for detecting the presence of a risk elevation, as well as for indicating an overt disease state, awaits scrutiny. The results herein on the rhythms in fractal scaling may add a desirable predictability to an assessable extent of chaos [45] , notably in the perspectives of timely and timed preventive or curative treatment.
Modern implanted devices can record HR beatto-beat for 15months or longer [46] . Software is available for the 'as-one-goes' analysis of such data in relatively short windows, where the information extracted in terms of resolved end-points of anticipated components is compacted and then recycled for the assessment of the next lower frequency component of interest. Such windowing, compacting and recycling [47] allows insight into intermodulations, among others, of components with frequencies of about one cycle in 1.0 s, 3.6 s, 10.5 s, 24 h, and with even lower frequency components of HR and HR variability, including chaotic end-points from fractal scaling [31] . Spontaneous and reactive variation, the latter of which has been documented over the past four decades by Hildebrandt and co-workers ([48-53; see also are all part of the chronome approach 11541. The cost-effectiveness of a chronome approach will have to be assessed in the light of the results of interventions.
